A few dozen genes are known on the human Y chromosome. The completion of the human genome sequence will allow identification of the remaining loci, which should shed further light on the function and evolution of this peculiar chromosome. comment reviews reports deposited research interactions information refereed research
In humans, sex is determined by the presence or absence of the Y chromosome, which encodes the SRY gene necessary for testis development [1] . The Y chromosome is very unusual: it harbors just a few dozen genes, does not recombine over most of its length, is largely heterochromatic, and is riddled with repetitive DNA. Of all human chromosomes, the Y is probably the most intractable to genetic and molecular analysis; because it does not recombine during meiosis, classical linkage mapping is impossible, and the high density of repeated sequences makes physical mapping and sequencing difficult. In a recent article [2] , David Page and colleagues describe the first detailed map of the non-recombining region of the human Y chromosome, providing a foundation for the sequencing and further analysis of this chromosome.
Evolution of the human Y chromosome
The human Y chromosome is small and mostly devoid of genes, while the X chromosome, its meiotic pairing partner, contains several thousand genes [3] . Comparative studies strongly suggest that the X and Y chromosomes in mammals are descended from a homologous pair of autosomes [3] [4] [5] ; this hypothesis is further supported by the existence of regions of homology between the two sex chromosomes [6] .
But how did the X and Y chromosomes evolve to become so different? A likely scenario is that the pair of autosomes that would eventually become the sex chromosomes acquired a sex-determining role, and suppression of recombination between the nascent Y and X chromosomes allowed them to evolve independently [5] . The X chromosome can still recombine in females, where two X chromosomes can pair, while most of the Y chromosome is completely sheltered from crossing over. The lack of recombination over most of the Y chromosome means that natural selection is less effective in preventing the accumulation of deleterious mutations and in driving the fixation of beneficial ones, resulting in the genetic erosion of the Y chromosome [5] . In response, dosage compensation evolves to restore equality of the dosage of gene products from X-linked loci in males and females [5] . In eutherian mammals, this is achieved by the inactivation of one of the two X chromosomes in females.
In mammals, Lahn and Page [6] have found evidence that recombination ceased along the sex chromosomes in an unexpected, stepwise fashion. .irst, a block of DNA surrounding the SRY gene stopped recombining, and then discrete non-recombining blocks evolved along most of the chromosome length (.igure 1). By comparing X-Y nucleotide divergence at 19 homologous genes located in the nonrecombining region of the X and Y chromosomes, they identified four evolutionary strata along the human X chromosome. Within each stratum, the X and Y copies of genes differ by about the same amount, indicating that recombination ceased at the same time for all the genes in question. But the different groups clearly originated at different time points [6] . Large inversions, which are known to suppress recombination, could account for this stepwise pattern. Interestingly, one such potentially important polymorphic inversion (3.5 megabases) has been identified on the human Y chromosome [2] .
Gene content of the human Y chromosome
X-Y homologous regions are located at either end of the Y chromosome; these pair and recombine with the X chromosome during male meiosis [7] . Because genes that map to these regions do not show strict sex linkage, they are called pseudoautosomal regions (PARs, see .igure 2). The PARs contain several genes that are active on the Y chromosome and not subject to X inactivation in females [8] .
In humans, about 95% of the Y chromosome forms the nonrecombining region (NRY). The NRY was long thought to be a functional wasteland, but reports in 1959 of XO females and XXY males established the existence of a sex-determining gene on the human Y chromosome [9] , and in 1976 a factor required for spermatogenesis was mapped to the human Y chromosome [10] . The search for the testis determinant resulted in the cloning of the SRY gene in 1990 [1] . Now, more than 20 active genes or gene families have been identified. These genes fall into two main classes (.igure 2), unlike the situation on other chromosomes, whose gene content is relatively haphazard [11] . Genes in the first class are expressed in many tissues; these housekeeping genes have homologs on the X chromosome that escape X inactivation in females. Genes in the second group have a testis-specific function and have no X-linked homologs. Nearly all the testis-specific genes are present in multiple copies.
What are the evolutionary forces responsible for this bipartite division of genes on the Y chromosome? Selection will oppose the degeneration of genes that have critical functions in males and lack X homologs. Accordingly, most of the Y-specific genes are transcribed solely in the testis, indicating a function
Figure 1
A proposed path for the evolution of the human sex chromosomes. Lahn and Page [6] postulate four inversions on the human Y chromosome, which suppressed recombination between the 'proto' sex chromosomes. Each inversion (designated 1-4) is thought to have reduced the size of the pseudoautosomal region (white) and enlarged the non-recombining portions of the X (yellow) and Y (blue) chromosomes. Time points at which the human X and Y may have diverged from the sex chromosomes of other mammals are indicated. in spermatogenesis, and several deletions on the human Y chromosome are associated with male infertility [12] . The presence of these genes in multiple copies may reflect selection for high levels of their products. The loci shared between X and Y chromosomes are probably genes whose Y-linked copies have simply not degenerated. Most of these genes are located in the younger strata of the Y chromosome [6] , suggesting that they have not had sufficient time to degenerate. Many pseudogenes on the Y chromosome also have active homologs on the X, most of which are located in the younger strata as well (for example, STSP, KALP and GYG2P). Some of the housekeeping genes that are active on . Genes specific to the Y chromosome are indicated on the left-hand side of the diagram, and genes with homologs on the X chromosome are on the right-hand side. Ubiquitously expressed genes are shown in yellow, testis-specific genes are in blue, tooth-bud-specific genes in green, and brain-specific genes in red. Some testis-specific gene families have additional locations on the NRY not shown (m: multiple copies). The extensive region of Y-chromosomal heterochromatin is indicated by the grey area. The NRY is divided into intervals (as indicated by numbers on the chromosome), defined by naturally occurring deletions. the human Y chromosome are pseudogenes in other eutherian lineages. .or example, RPS4Y can be detected only in primates, where the homologous X-linked locus RPS4X escapes X inactivation [13] . In non-primate lineages, RPS4X has not retained a Y-linked homolog and is subject to X inactivation in females [13] . Similarly, Z.X, which has a strongly conserved homolog, Z.Y, on the human Y chromosome, has lost its Y-linked copy in myomorph rodents [13] . The ubiquitin-activating enzyme locus UBE1X, in contrast, has a homolog on the squirrel-monkey Y chromosome, but no Y-linked copy can be detected in humans [14] .
RPS4Y
Comparative studies across mammalian taxa have demonstrated that the Y chromosome in humans has undergone multiple rearrangements [15] . Some genes such as SRY, RPS4Y or SMCY, were presumably originally Y-linked and escaped degeneration, as indicated by their presence on the sex chromosomes of marsupials, which diverged from a common ancestor with eutherians around 170 million years ago [16] . Others are derived from direct additions of autosomal genes, like the Y-specific DAZ gene cluster [17] or the CDY gene family [18] . CDY is intronless, suggesting that it originated by retrotransposition, while DAZ contains introns. Another source of Y-linked genes is provided by originally autosomal genes that were incorporated via the pseudoautosomal region. STS and ANT3, which are autosomal in marsupials, have been added to the PAR in eutherians, as revealed by their locations in sheep and dogs [15] . In humans, ANT3 is part of the PAR, while STS is incorporated into the nonrecombining region of the sex chromosomes, where its Y-linked homolog (STSP) has become a pseudogene.
Non-coding and repetitive DNA
One of the greatest challenges for mapping the human Y chromosome was presented by massive, NRY-specific amplified regions, which comprise about one third of the euchromatic NRY [2] . These euchromatic amplified regions are diverse in composition, size, copy number and orientation, with some occurring as tandem repeats, others as inverted repeats, and still others dispersed throughout both arms of the chromosome [2] . Most Y-specific genes are found in these amplified regions [2] .
The Y chromosome also contains highly abundant Alu and LINE repetitive elements, which are found throughout the entire human genome [19] . Much of the human Y chromosome is composed of repetitive satellite DNA, the bulk of which is located in the block of heterochromatin in the long arm (roughly 30 Mb in size; see .igure 2). This heterochromatic region mostly consists of the 3.4 kilobase (kb) DYZ1 and the 2.5 kb DYZ2 repeat families, which together account for around 50-70% of the DNA content of the human Y chromosome [20] . Heterochromatic regions, which are assumed to have no genes, are generally ignored in mapping and sequencing projects, because of the difficulties in cloning and sequencing them. Several genes have been identified in the heterochromatic Y chromosome of Drosophila [21] , however, suggesting that there may be some genes to discover in the heterochromatic block of the human Y chromosome.
It is interesting to note some differences between Y-linked genes in Drosophila and humans. All known functional genes on the D. melanogaster Y chromosome have essential male-specific functions. In contrast to the human Y-specific genes, almost all are believed to be single-copy [21] . In Drosophila, the dynein genes present on the Y chromosome have huge introns up to several megabases in size [22] . These introns contain satellite-and transposable-elementderived DNA. Non-recombining genomic regions, such as the Y chromosome, are predicted to accumulate transposable elements and satellite repeat sequences [23] . In humans, no systematic trend towards larger introns can be seen in the genes characterized on the Y chromosome; this may be associated with the reduced activity of transposable elements in the human lineage [19] .
What future insights may be provided by the human Y chromosome sequence? Probably the major difference between the X and the Y chromosomes from an evolutionary perspective is the lack of recombination over most of the Y chromosome. Evolutionary biologists are uncertain about the nature of the advantage gained from recombination [24] ; the grisly fate of a large piece of non-recombining genome is demonstrated by the degenerate Y chromosome, however. Sequence analysis will provide a better understanding of the evolution of this bizarre chromosome.
But a more practical benefit may also be derived. As many as 7.5% of men are infertile, and one estimate suggests that in up to a quarter of these men infertility is caused by a Y-chromosomal defect [12] . Discoveries of Y-chromosome genes that influence reproductive capacity could lead to new treatments for men who lack those genes or have defective copies.
